Single rat hepatocytes microinjected with the photoprotein aequorin generate oscillations in the cytosolic free Ca# + concentration ([Ca# + ] i ) when stimulated with agonists acting through the phosphoinositide signalling pathway. We show here that, in single rat hepatocytes, bovine growth hormone (bGH) is able to induce [Ca# + ] i oscillations which display similarities with oscillations induced by phenylephrine. Thus the rate of rise of
INTRODUCTION
Growth hormone (GH) has a broad range of physiological actions, including major effects on proliferation and differentiation and on intermediary metabolism [1, 2] . Thus, in adipocytes, GH induces a transient insulin-like response, stimulating glucose uptake and utilization as well as lipolysis [3, 4] . In myocytes GH also stimulates glucose oxidation [5] , and in bone GH has been shown to stimulate mineral metabolism [6] . In several other cell types GH stimulates protein synthesis and amino acid transport [7] . A major target organ of GH actions is the liver, where GH regulates the expression of a variety of proteins, including hormone and growth factor receptors, and secretory proteins and enzymes [8] . Acutely, GH increases glucose output by hepatocytes [9] .
The action of GH is known to be initiated through binding to specific cell-surface receptors belonging to the cytokine\ erythropoietin superfamily [10] . The primary structure of the GH receptor is a single-chain protein of approx. 640 amino acids, with a centrally located hydrophobic transmembrane domain [11] . This structure is clearly different from that of the G-proteinlinked receptors, which have seven transmembrane domains [12] . The signalling pathways by which GH mediates its actions are not entirely understood ; the GH receptor does not belong to the class of growth factor receptors with intrinsic tyrosine kinase activity. However, GH-stimulated tyrosine kinase activity has been demonstrated in many cell types [13] . It has recently been shown that the GH-liganded GH receptor first dimerizes and then activates JAK2 kinase, a non-receptor protein tyrosine kinase [14] , resulting in JAK2 autophosphorylation and phosphorylation of the GH receptor on specific tyrosine residues [15] .
A role for the phospholipase C (PLC)-catalysed hydrolysis of PtdIns(4,5)P # has been suggested following the demonstration that stimulation by GH of basolateral membranes isolated from canine kidney resulted in Ins(1,4,5)P $ formation [16] . Direct evidence for a role for the cytosolic free Ca# + concentration ([Ca# + ] i ) in mediating the effects of GH is limited. Ilondo et al. [17] demonstrated that human GH (hGH) specifically and dosedependently increased [Ca# + ] i in populations of cultured human IM-9 cells ; the rise was slow, progressive and sustained. However, intracellular Ca# + in each oscillation closely resembles that induced by Ins(1,4,5)P $ -mediated agonists. However, the duration of bGH-induced oscillations increases with agonist concentration, in contrast to phenylephrine-induced oscillations, which undergo an increase in frequency as the agonist concentration is raised, without any increase in the duration of individual oscillations.
the hGH-induced [Ca# + ] i increase was not associated with any detectable increase in Ins(1,4,5)P $ , nor was it related to tyrosine phosphorylation or JAK2 activation. The authors concluded that the effect was achieved, at least in part, by a stimulation of Ca# + influx. Recently the effect of GH on [Ca# + ] i has been studied in single Chinese hamster ovary (CHO) cells transfected with GH receptor cDNA [18] . The response was dependent upon the presence of extracellular Ca# + , and consisted of oscillations in [Ca# + ] i varying in frequency and amplitude. However, using receptor mutants, the investigators determined that binding and activation of JAK2 by the GH receptor was not required to achieve the [Ca# + ] i rise. Other workers have focused on a central role for protein kinase C (PKC) in mediating the effects of GH. Thus PKC inhibitors have been shown to block the effects of GH on both lipogenesis and lipolysis in rat adipose tissue [19, 20] . Furthermore, PKC activation is necessary to transduce the effects of GH on certain genes in primary rat hepatocytes [21] . PLC-catalysed hydrolysis of phosphatidylcholine, which results in diacylglycerol formation and therefore PKC activation in the absence of Ins(1,4,5)P $ formation, has been demonstrated in GH-stimulated Ob1771 mouse pre-adipocytes [22] .
Here we have studied the effects of bovine GH (bGH) on single aequorin-injected rat hepatocytes. Single hepatocytes, in common with many other cell types, generate oscillations in [Ca# + ] i in response to agonists acting through the phosphoinositide signalling pathway [23, 24] . Previous studies on the effects of GH in rat hepatocytes have used hGH [25] . However, hGH possesses both lactogenic and somatogenic properties in the rat by binding to prolactin receptors and GH receptors [26] . Therefore bovine GH, which is not a ligand for the rat prolactin receptor [27] , was used in the studies described here. We show that bGH induces repetitive [Ca# + ] i oscillations, which are unusual in that the duration of the oscillations increases as the bGH concentration is raised.
MATERIALS AND METHODS
Single hepatocytes were isolated from fed male Wistar strain rats (150-250 g) by collagenase digestion, and prepared for microinjection with the photoprotein aequorin as described previously [28] . Collagenase was from Boehringer. The experimental me-dium, Williams medium E (Gibco) gassed with CO # \air (1 : 19), was superfused over single hepatocytes at 37 mC. Agonists were added to this medium. Recombinant bGH was purchased from ICN Biochemicals, and dissolved immediately before use in 20 mM Hepes to give a 4 µM stock. Aliquots were added to the experimental medium to give the required concentration. Data acquisition and analysis were performed as described previously [28] .
RESULTS
The effect of bGH, in the concentration range 10 nM-1 µM, was tested on single aequorin-injected hepatocytes that had responded to phenylephrine (1-4 µM) by the generation of [Ca# + ] i oscillations as previously observed [29, 30] . When stimulated with 100 nM bGH, 18\18 hepatocytes, from 12 separate preparations, responded with the generation of repetitive oscillations in [Ca# + ] i (Figure 1, top panel) . This was found to be the most effective dose of bGH ; lower concentrations evoked oscillations in a small proportion of cells (1\9 at 10 nM; 2\10 at 20 nM ; 8\16 at 50 nM). The threshold concentration for GH-induced [Ca# + ] i oscillations was therefore between 50 and 100 nM in the majority of cells. We have previously reported for Ins(1,4,5)P $ -mediated agonists that the latency period between agonist addition and the onset of the cellular response is comparable with the period between oscillations [30] . A similar relationship between the 
Figure 2 The duration of the [Ca 2 + ] i oscillations is increased as the concentration of bGH is increased
A single aequorin-injected rat hepatocyte was superfused with bGH at the concentrations indicated and for the periods indicated. Before application of 50 nM bGH, the hepatocyte had failed to respond to 25 nM bGH. latency period and the frequency of bGH-induced oscillations was observed here, although uncertainty about the time required for the diffusion of the agonist from the superfusate to the cell surface precludes an accurate measurement of the latency period. The [Ca# + ] i oscillations induced by 100 nM bGH were similar to those induced by Ins(1,4,5)P $ -dependent agonists, rising rapidly from the resting [Ca# + ] i of approx. 200 nM to a peak of greater than 600 nM. Thus the rate of rise of bGH-induced oscillations was 356p129 nM\s (meanpS.D., no. of oscillations l 13), compared with 463p220 nM\s (meanpS.D., no. of oscillations l 18) for phenylephrine-induced oscillations within the same hepatocyte. No significant difference was revealed by Student's t test for the rate of rise between the two sets of oscillations, assuming a significance level of P 0.05. However, the peak [Ca# + ] i of bGH-induced oscillations was greater, by more than 10 %, than the peak of phenylephrine-induced oscillations in 12\21 cells. Figure 1 (bottom panel) compares, in detail, the oscillations induced in a single hepatocyte by 2 µM phenylephrine and 100 nM bGH. The falling phase of the bGH-induced oscillations is prolonged compared with that of the phenylephrine-induced oscillations. It has previously been reported that the differences in duration of oscillations induced by different agonists result from differences in the duration of the falling phase from the peak [Ca# + ] i to the resting level [30] . Increasing the concentration of phenylephrine leads to an increase in the frequency of [Ca# + ] i oscillations without altering the duration of individual oscillations [30] . The effect of increasing bGH concentration was tested in six hepatocytes, and resulted in the lengthening of individual oscillations in all six cells. The effect of progressively increasing the bGH concentration up to 300 nM was studied in three of these six cells. As the concentration was increased, there was a coincident increase in the duration of [Ca# + ] i oscillations in 3\3 cells, as illustrated in Figure 2 . Thus, in the hepatocyte depicted in Figure 2 , increasing the bGH concentration from 50 nM to 100 nM resulted in an obvious increase in the duration of the oscillations. Increasing the bGH concentration to 300 nM led to a further increase in the duration of the oscillations, resulting in individual oscillations with durations greater than 1 min in 2\3 cells (the third cell produced a single prolonged oscillation in response to 300 nM bGH). As illustrated in Figure Figure 3 2, the application of 300 nM bGH was associated with a decrease in peak height in both cells which continued to produce oscillations. The effect of increasing the bGH concentration on the frequency of the oscillations was less obvious. At concentrations just above threshold for oscillation generation (50-100 nM), bGH induced [Ca# + ] i oscillations at low frequency (approx. 0.25-0.5 min −" ). When the concentration was raised, the frequency of oscillations was increased in 5\6 cells ( Figure 2) ; in the final cell the frequency was reduced. As depicted in Figure 2 , increasing the bGH concentration further was not associated with a progressive increase in frequency (3\3 cells). Application of a high concentration of bGH (1 µM) was studied in four cells. At this concentration, bGH induced a single, prolonged transient of approx. 2 min duration, which was not followed by any further changes in [Ca# + ] i (Figure 3 ; 4\4 cells).
DISCUSSION
We have shown here that single aequorin-injected rat hepatocytes respond to bGH with series of [Ca# + ] i oscillations ; this is the first demonstration that bGH can evoke [Ca# + ] i oscillations in single hepatocytes. bGH was as effective as phenylephrine as an agonist, in terms of the percentage of hepatocytes responding. Billestrup et al. [18] have recently demonstrated GH-induced [Ca# + ] i oscillations in CHO cells expressing GH receptors. However, the oscillations were irregular in terms of both frequency and amplitude, in contrast to the consistency of the responses reported here.
The rate of rise of [Ca# + ] i within GH-induced oscillations was similar to that of oscillations induced by phenylephrine within the same cell, indicating that a common mechanism is likely to be involved. However, the lengthening of the falling phase of the GH-induced [Ca# + ] i oscillations as the GH concentration was raised is in contrast to the effect of increasing the concentration of agonists that act at G q -coupled receptors. Thus increasing the concentration of phenylephrine leads to the generation of oscillations at an increased frequency without any change in the duration of individual oscillations [29, 30] .
We surmise that Ins(1,4,5)P $ -stimulated Ca# + mobilization from intracellular stores underlies the GH-induced [Ca# + ] i oscillations. In erythropoeitin-stimulated erythroid cells, the erythropoeitin receptor, a member of the same family as the GH receptor [31] , has been shown to activate JAK2 [32] and PLCγ [33] . Hydrolysis of PtdIns(4,5)P # by PLCγ would result in Ins(1,4,5)P $ generation and subsequently to increases in [Ca# + ] i . There is evidence for GH-stimulated PLC-catalysed hydrolysis of PtdIns(4,5)P # in basolateral membranes isolated from canine kidney [16] . Conceivably, a similar pathway mediates GHinduced Ca# + signalling in rat hepatocytes. Johnson et al. [25] demonstrated a 1.4-fold increase in diacylglycerol formation when freshly isolated rat hepatocytes were treated with 100 nM hGH, but no evidence was found of inositol phosphate formation, leading the investigators to conclude that the source of diacylglycerol was a phospholipid other than PtdIns(4,5)P # . Similarly, the [Ca# + ] i rise observed in hGH-stimulated cultured human IM-9 cells was not associated with a detectable increase in Ins(1,4,5)P $ . However, it has previously been shown that vasopressin, at concentrations which induce oscillations in rat hepatocytes, does not result in detectable increases in Ins(1,4,5)P $ levels [34, 35] . A lack of detectable Ins(1,4,5)P $ is not, therefore, a reliable criterion for determining whether PtdIns(4,5)P # hydrolysis is involved in mediating the oscillatory [Ca# + ] i signalling induced by GH.
Billestrup et al. [18] determined that the [Ca# + ] i oscillations observed in CHO cells expressing GH receptors were independent of JAK2 activation, and hence tyrosine phosphorylation. The oscillations were dependent upon extracellular Ca# + and were blocked by Ca# + -channel blockers. These investigators therefore concluded that the oscillations reflected Ca# + entry. The involvement of intracellular Ca# + stores, through a process of calcium-induced calcium release, was not ruled out in the maintenance of the oscillations. The rate of rise of the bGH-induced oscillations reported here in single rat hepatocytes resembles that of Ins(1,4,5)P $ -mediated phenylephrine-induced oscillations. We believe that this indicates that a common mechanism underlies their production.
In conclusion, bGH induces [Ca# + ] i oscillations in single aequorin-injected rat hepatocytes. Similarities between these oscillations and those induced by phenylephrine lead us to conclude, tentatively, that such oscillations are mediated by a common, Ins(1,4,5)P $ -dependent, mechanism. The generation of [Ca# + ] i oscillations in response to bGH therefore has important implications for our understanding of the underlying mechanism and eliminates models in which G-proteins play a central role [24] .
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